Neurons and glial cells in the retina contribute to neovascularization, or the formation of abnormal new blood vessels, in proliferative retinopathy, a condition that can lead to vision loss or blindness. We identified a mechanism by which suppressor of cytokine signaling 3 (SOCS3) in neurons and glial cells prevents neovascularization. We found that Socs3 expression was increased in the retinal ganglion cell and inner nuclear layers after oxygen-induced retinopathy. Mice with Socs3 deficiency in neuronal and glial cells had substantially reduced vaso-obliterated retinal areas and increased pathological retinal neovascularization in response to oxygen-induced retinopathy, suggesting that loss of neuronal/glial SOCS3 increased both retinal vascular regrowth and pathological neovascularization. Furthermore, retinal expression of Vegfa (which encodes vascular endothelial growth factor A) was higher in these mice than in Socs3 flox/flox controls, indicating that neuronal and glial SOCS3 suppressed Vegfa expression during pathological conditions. Lack of neuronal and glial SOCS3 resulted in greater phosphorylation and activation of STAT3, which led to increased expression of its gene target Vegfa, and increased endothelial cell proliferation. In summary, SOCS3 in neurons and glial cells inhibited the STAT3-mediated secretion of VEGF from these cells, which suppresses endothelial cell activation, resulting in decreased endothelial cell proliferation and angiogenesis. These results suggest that neuronal and glial cell SOCS3 limits pathological retinal angiogenesis by suppressing VEGF signaling.
INTRODUCTION
Neurovascular interactions are important in the maintenance of the nervous system, and defects in this relationship can lead to disease, such as stroke (1), Alzheimer's disease (2) , and epilepsy (3). In the retina, which is part of the central nervous system, accumulating evidence suggests that dysregulated crosstalk between the vasculature and retinal neuroglia, photoreceptors, and other neural cells in diabetes might contribute to the pathogenesis of diabetic retinopathy (4) (5) (6) . Similarly, the immature retinas of preterm neonates are susceptible to insults that disrupt both neural and vascular growth, leading to proliferative retinopathy of prematurity (7) . Although many factors have been suggested to mediate neurovascular crosstalk, including growth factors, hydrogen, potassium, neurotransmitters, adenosine, arachidonic acid metabolites, nitric oxide, neurotrophins, and glutamate (4), we specifically investigated suppressor of cytokine signaling 3 (SOCS3) in neurons and glial cells, which inhibits inflammation and growth factor signaling (8) , as a potential regulator of pathological retinal vessel growth.
SOCS3 inhibits the cytoplasmic effectors Janus kinase/signal transducers and activators of transcription (JAK/STAT), thereby deactivating tyrosine kinase receptor signaling (9) . It increases endothelial cell apoptosis (10) . Neuronal Socs3 deletion promotes optic nerve regeneration in adult mice (11) . We have previously shown that vascular Socs3 deletion (Tie2-Credriven) inhibits pathological angiogenesis (12) . To investigate the role of neuronal SOCS3 in controlling neurovascular coupling-mediated pathological retinal angiogenesis in vivo, we generated a conditional knockout of Socs3 in retinal neurons and glia using a Cre/loxP site-specific DNA recombination fate mapping strategy, because systemic deletion of Socs3 is embryonically lethal (13) . We deleted Socs3 in neuronal/glial cells by crossing mice expressing the Cre recombinase transgene under the control of the nestin promoter with mice carrying the Socs3/loxP (Socs3 flox/flox ; Nestin Cre/+ , Socs3 cKO). We studied pathological retinal angiogenesis in these mice after oxygen-induced retinopathy (OIR) (14) . In the OIR model, mice are exposed to 75% oxygen to induce vessel loss (phase 1) followed by exposure to room air from postnatal day 12 (P12) to P17 when the now avascular retina becomes hypoxic, stimulating pathological neovascularization (phase 2). When OIR was induced, Socs3 cKO mice showed significantly greater pathological retinal neovascularization than did littermate flox/flox controls (Socs3 f/f); however, normal retinal vascular growth during development was unaffected. These results suggested that neuronal/glial SOCS3 suppressed retinal angiogenesis in pathological conditions but was dispensable in physiologic vascular development. Lack of SOCS3 in retinal neuronal and glial cells increased neuronal STAT3 activation and promoted vascular endothelial growth factor (VEGF) production in neuronal cells to increase signaling in endothelial cells, leading to proliferative retinopathy. Therefore, neuronal/glial SOCS3 controls the release of growth factors, which mediate vascular growth specifically in pathological contexts.
of OIR (Fig. 1A) . To localize Socs3 expression in mouse retinas with OIR, the retinal layers were laser capture microdissected (Fig. 1B) and each isolated layer was assessed for specific mRNA expression with quantitative polymerase chain reaction (qPCR). In P17 retinas with OIR, Socs3 mRNA expression is highly increased in proliferative vessels (12) . We showed that Socs3 mRNA expression was also highly increased in the retinal ganglion cell (RGC) layer and inner nuclear layer (INL) without any change in the outer nuclear layer (ONL) compared with age-matched controls exposed to room air.
Neuronal/glial SOCS3 attenuated pathological neovascularization in OIR
The nestin Cre recombination appears in most neural and glial cells within the retina (15) (16) (17) . To explore the role of neuronal/glial SOCS3 in pathological retinal angiogenesis, we generated conditional Socs3 knockout mice driven by nestin Cre (Socs3 cKO). Decreased retinal abundance of SOCS3 was confirmed by Western blot in Socs3 cKO retinas (Fig. 1C) . To confirm the knockout of Socs3 in the INL and RGC layers in Socs3 cKO retinas, we crossed Socs3 cKO mice with ROSA mT/mG reporter mice.
ROSA mT/mG is a cell membrane-targeted, two-color fluorescent Cre reporter allele, expressing cell membrane-localized tomato red fluorescence in widespread cells and tissues before Cre recombinase exposure, and cell membrane-localized green fluorescence in Cre recombinase-expressing cells (and future cell lineages derived from these cells). We found that nestin Cre recombination, as indicated by green fluorescence, appeared in most neural/ glial cells, especially in the INL and RGC layers, indicating that Socs3 was knocked out in the INL and RGC layers in Socs3 cKO retinas (Fig. 1D) .
We have previously shown (17) that in mice, expression of Cre recombinase in nestin-expressing cells does not influence vaso-obliteration and neovascularization in retinas with OIR. Socs3 cKO retinas with OIR showed 40% more retinal neovascularization than did littermate Socs3 f/f control retinas with OIR at P17 (Fig. 2A) . There was also significantly less vasoobliterated retinal area, suggesting increased vascular regrowth into vasoobliterated areas from P12 to P17 (Fig. 2A) . Socs3 cKO and Socs3 f/f mice had comparable amounts of vaso-obliterated retinal area (Fig. 2B) at P12 in response to OIR, indicating that lack of SOCS3 did not influence vessel loss during hyperoxia. To investigate whether lack of SOCS3 in the INL and RGC layers influences normal developmental vascular growth, we compared the whole superficial vascular area on flat mounts at P7 (Fig. 2C ) and compared the three vascular layers (superficial, intermediate, and deep) in cross sections and with confocal microscopy in whole retinas at P30 after full vascular development (Fig. 2D ). There was no difference in the superficial vascular area at P7 during development nor any differences in any of the three vascular layers in adult mice between Socs3 f/f and Socs3 cKO groups. The thickness of each retinal layer in live adult mice as measured with optical coherence tomography (OCT) was comparable in Socs3 f/f and Socs3 cKO retinas (Fig. 2E ). These data suggested that loss of neuronal/glial SOCS3 attenuated pathological neovascularization in OIR but did not affect developmental vascular growth.
Neuronal/glial SOCS3 deficiency increased retinal VEGF mRNA and protein abundance In the OIR model, mice are exposed to 75% oxygen to induce vessel loss, and then to room air from P12 to P17 when the retina becomes relatively hypoxic and pathological neovascularization occurs. During the hypoxic and proliferative phases from P12 to P17, Vegfa mRNA abundance increases mostly in Müller cells of the inner retina and contributes to pathological neovascularization (18) (19) (20) . We confirmed that Vegfa expression was higher in neuronal and glial cells including the RGC and INL layers in retinas with OIR than in age-matched normoxic controls (Fig. 3A) . Next, we explored whether neuronal/glial SOCS3 regulated VEGF abundance at the mRNA and protein levels. In the P17 mice with OIR, retinal Vegfa mRNA expression was significantly higher in Socs3 cKO than in Socs3 f/f mice with OIR ( Fig. 3B ). There are at least three distinct isoforms of murine VEGFA (120, 164, and 188 amino acids), which are generated by alternative transcription from a single gene locus (21) . Real-time PCR analysis of retinas with OIR ( Fig. 3C) showed that neuronal/glial SOCS3 deficiency promoted expression of the Vegfa mRNAs that correspond to isoforms 120 and 164, but not that corresponding to isoform 188. Increased protein abundance of VEGFA isoform 164 was confirmed by Western blot (Fig. 3D) , and immunohistochemistry staining showed that neuronal/glial SOCS3 deficiency was associated with increased abundance of VEGFA isoform 164 mainly in the RGC and INL layers in retinas with OIR ( Fig. 3E ).
Neuronal/glial SOCS3 deficiency feedback enhanced STAT3 activation
Our data suggested that in OIR, neuronal/glial SOCS3 partially controls the increased production of VEGF, a key angiogenic protein, that is secreted from neuronal and glial cells and that acts on vascular endothelial cells Neonatal mice were exposed to 75% oxygen from P7 to P12 to induce vessel loss and returned to room air from P12 to P17 to induce maximum pathological neovascularization at P17. (B) Socs3 mRNA expression in P17 retinal layers from laser capture microdissection from retinas with OIR compared to age-matched normoxia (Norm) control retinas (n = 6 retinas per group). Socs3 mRNA was increased in RGC and INL, but not in ONL in retinas with OIR compared with normoxia control retinas. Images on the left show representative retinal cross sections from normoxia and retinas with OIR stained with isolectin B 4 (Lectin, red) for endothelial cells and DAPI (4′,6-diamidino-2-phenylindole) (blue), with dotted lines highlighting the areas for laser capture microdissection. (C) Socs3 was decreased by 80% in the retinas of mice that were generated by crossing Socs3 flox/flox (Socs3 f/f) mice with nestin Cre-driven mice (Socs3 cKO). Decreased SOCS3 abundance at the protein level was confirmed in whole retinas by Western blot (n = 6 retinas per group). (D) P17 retinal cross sections from Socs3 cKO;mTmG retinas with OIR show that nestin-driven Cre recombinase is present in all the neuronal layers [labeled with green fluorescent protein (GFP)] (n = 3 mice with three retinas per group). Scale bar, 100 mm.
resulting in retinal neovascularization. Hypoxia-inducible factor 1a (HIF-1a) is stabilized by hypoxia and transcriptionally activates Vegf expression (22) . However, in retinas with OIR from Socs3 cKO and littermate Socs3 f/f controls, the mRNA expression of other HIF-1a target genes involved in angiogenesis including Epo (which encodes erythropoietin), Angptl4 (which encodes angiopoietin-like 4), Ang1 (which encodes angiopoietin 1), PDGFa (which encodes platelet-derived growth factor a) and TGFb (which encodes transforming growth factor-b) (Fig. 4A) , and HIF-1a protein abundance (Fig. 4B) was similar, indicating that HIF-1a might not primarily regulate the increased Vegf expression that occurs in neuronal/glial Socs3-deficient retinas in response to OIR. SOCS3 binds to both the kinase JAK and the interleukin-6 (IL-6) receptor, which inhibits the activation of STAT3 (23) . STAT3 activation induces the expression of Vegf (24, 25) . We examined the activation of STAT3 in response to neuronal/glial Socs3 expression. Phosphorylated STAT3, the active form of STAT3, was 3.5-fold higher in P17 Socs3 cKO retinas with OIR than in Socs3 f/f controls with OIR ( Fig. 4C ) and was increased mainly in the INL and RGC layers (Fig. 4D) . These results indicated that STAT3 activation was increased by neuronal/glial SOCS3 deficiency, which may lead to the observed increase in Vegfa. Therefore, neuronal/glial SOCS3 is an important regulator of pathological angiogenesis that may act through STAT3-mediated Vegf expression.
In addition to VEGF, nerve growth factor (which is encoded by Ngf) contributes to retinal neovascularization in the OIR mouse model through TrkA activation, which is attenuated by inhibition of Trk receptors (26) . There was no significant difference in Ngf b expression between Socs3 cKO and Socs3 f/f control retinas with OIR at P17 ( fig. S1 ), suggesting that differences in neovascularization were not attributable to Ngf regulation.
Socs3 transcription is regulated by the Foxo family including Foxo3a, and this regulation is feedback-controlled by cytokines (27, 28) . We found that the expression of mRNAs encoding Foxo1 and Foxo3a was similar in Socs3 cKO and Socs3 f/f control retinas with OIR at P17, suggesting that the Socs3/Foxo pathway was not affected by neuronal/glial SOCS3 deficiency ( fig. S2 ).
SOCS3 is a major regulator of inflammation. The inflammatory factors IL-6, TNFa (tumor necrosis factor-a), and IL-1b are involved in retinal neovascularization, and the mRNAs encoding IL-6 and TNFa, but not that for IL-1b, showed increased expression in Socs3 cKO retinas with OIR compared with Socs3 f/f controls ( fig. S3 ). Because cytokines like IL-6 also can induce VEGF production (29) , increases in cytokines induced by neuronal/glial SOCS3 deficiency might also contribute to increased VEGF expression in Socs3 cKO retinas with OIR.
Neuronal/glial SOCS3 deficiency increased endothelial proliferation and extracellular signal-regulated kinase phosphorylation VEGF stimulates endothelial cell proliferation to promote angiogenesis. We found that the proliferation marker Ki67 colocalized with the endothelial cell marker isolectin B 4 and was significantly increased in Socs3 cKO retinas with OIR compared with Socs3 f/f controls with OIR, indicating that neuronal/glial SOCS3 deficiency increased vascular endothelial cell proliferation (Fig. 5, A and B) . Next, we explored whether the VEGF could induce activation of extracellular signal-regulated kinase (ERK) (30) in neuronal/glial SOCS3-deficient retinas with OIR. Phosphorylated ERK was higher in Socs3 cKO P17 retinas with OIR than in Socs3 f/f retinas with OIR (Fig. 5C) , consistent with proliferative endothelium and increased neovascularization. These results suggested that neuronal/glial SOCS3 suppressed the increased pathological VEGF-induced vascular endothelial cell proliferation. To better understand how neuronal/glial SOCS3 controls VEGF production, we investigated the cell types that could be potential sources of VEGF. The nestin Cre recombination occurs in most neural and glial cells within the retina (15) (16) (17) . We previously have demonstrated that in retinas with OIR, Vegfa mRNA is localized to cell bodies identified morphologically as Müller cells (19) . In addition, astrocyte-derived VEGF is essential for hypoxia-induced neovascularization (31) . First, we showed that cellular retinaldehyde binding protein (CralBP), a marker for Müller cells and astrocytes (32), colocalized with GFP, which labels cells where nestin Cre recombination has occurred in Socs3 cKO;mTmG reporter retinas with OIR (Fig. 6A) , indicating that Socs3 was deleted in both Müller cells and astrocytes. Immunohistochemistry staining in Socs3 cKO retinas with OIR showed that VEGF and CralBP were colocalized in the RGC layer, indicating that VEGF could be produced by CralBP-positive cells including Müller cells (end-feet) and astrocytes (Fig. 6, B and C) . Glial fibrillary acidic protein (GFAP), a 51-kD intermediate filament protein, is another marker for astrocytes, and activated Müller cell end-feet and processes (33) . Here, we found that in Socs3 cKO retinas with OIR, Müller cells were highly activated, as indicated by intense GFAP immunofluorescence (Fig. 6D) . Consistently, we found more GFAP-positive astrocytes in the RGC layer in Socs3 cKO retinas with OIR compared with littermate Socs3 f/f controls with OIR (Fig. 6E) . These data suggest that Müller cells and astrocytes might produce VEGF in addition to other neurons in the RGC and INL layers.
DISCUSSION
Here, we identified a neurovascular crosstalk pathway governing the progression of retinopathy. Specifically, neuronal/glial SOCS3 deficiency promoted pathological retinal angiogenesis in retinopathy. Socs3 expression was increased in the RGC and INL layers in wild-type retinas with OIR. Neuronal/glial SOCS3-deficient mice with OIR had increased pathological retinal neovascularization, but there was no effect on normal retinal vascular development (Fig. 2) , suggesting that neuronal/glial SOCS3 controls the pathological vascular response in retinopathy. Neuronal/glial SOCS3 loss suppressed inhibition of JAK, resulting in increased phosphorylation of STAT3 (Fig. 4, C and D) , leading to Vegfa overexpression (Fig. 3) , increased endothelial cell proliferation, and ERK activation (Fig. 5C ). These results suggest that neuronal/glial SOCS3 suppresses pathological vascular endothelial cell proliferation by controlling VEGF secretion mediated by STAT3 activation.
In OIR, hyperoxia-induced retinal vessel loss is followed by hypoxiainduced increase in VEGF (34) , which contributes to pathological neovascularization (18) (19) (20) . Typically, the larger the area of vaso-obliteration, the greater the area of neovascularization that is stimulated by hypoxiaregulated factors. In Socs3 cKO with OIR compared to Socs3 f/f mice with OIR at P17, the vaso-obliterated retinal area was reduced (although pathological neovascularization was increased). This result is consistent with hypoxia-independent growth factor stimulation of endothelial cell proliferation (like VEGF production mediated by phosphorylated STAT3 in our study), resulting in more revascularization and less vaso-obliteration, yet also resulting in more neovascularization, despite less hypoxia-driven neovascular growth. VEGF is a soluble factor that interacts with neurons, neuroglia, and the vasculature affecting vascular development and neovascularization (35) . In OIR retinal neovascularization, Vegf mRNA has been localized to Müller cells in the INL layer of the retina (19) , but the oxygendependent and oxygen-independent regulation of VEGF in Müller cells have not been well studied. Hypoxic condition stabilizes HIF-1a, allowing it to translocate from the cytosol to the nucleus (36) , where it transcriptionally activates Vegf expression (22) . Consistent with HIF-1a not being the only regulatory pathway for Vegf regulation in OIR, in Socs3 cKO retinas with OIR, we found similar HIF-1a protein abundance in both Socs3 cKO and Socs3 f/f retinas with OIR and similar mRNA expression of other HIF-1a target genes that are involved in OIR and angiogenesis, such as Epo (37, 38), Anptl4 (39, 40), Ang1, PDGFa, and TGFb (Fig. 4, A and B) . We found that the increased phosphorylation of STAT3 was correlated with increased Vegf in neuronal/glial SOCS3-deficient retinas (Fig. 4) , suggesting that neuroglial cell-secreted VEGF could be regulated by the SOCS3-JAK-STAT3 pathway. STAT3 and HIF-1a can cooperatively activate HIF-1a target genes including Vegf in tumor cells (41) . In our study, increased Vegfa in neuronal/glial SOCS3-deficient retinas appeared to be activated primarily by STAT3 and perhaps to a much lesser extent by HIF-1a.
Identifying the molecular mechanisms underlying neurovascular crosstalk is an important step in understanding pathological proliferative retinopathy. Neuronal/glial SOCS3 suppresses neuronal/glial VEGF production to decrease vascular endothelial cell proliferation in the context of retinopathy, but not in retinal vascular development.
MATERIALS AND METHODS

Animals
All animal studies were approved by the Institutional Animal Care and Use Committee at the Boston Children's Hospital. Nestin Cre-expressing C57Bl/6 mice (Jackson Laboratory, stock #003771) were crossed with Socs3 flox/flox (Socs3 f/f) mice (gift of A. Yoshimura) to generate Socs3 cKO and littermate control flox mice. ROSA mT/mG reporter mice were from the Jackson Laboratory (stock #007576). C57Bl/6 mice were from the Jackson Laboratory (stock #000664).
OIR and vessel quantification
OIR was carried out in neonatal mice as described previously (14) . Briefly, mouse pups with their nursing mothers were exposed to 75% oxygen from P7 to P12, and then returned to room air until P17 (Fig. 1A) . The retinas were collected at P17 followed by retina dissection, staining overnight with fluorescent Griffonia simplicifolia isolectin B 4 (Invitrogen), and flat mounting. The avascular (vaso-obliteration) and neovascularized areas were quantified (42) by using Adobe Photoshop (Adobe Systems) and ImageJ (National Institutes of Health, http://imagej.nih.gov/ij/). Mice that weighed less than 5 g at P17 were excluded from the study (43) .
In vivo imaging using OCT
Mice were anesthetized with a mixture of xylazine (6 mg/kg) and ketamine (100 mg/kg), and pupils were dilated with a topical drop of Cyclomydril (Alcon Laboratories). Two minutes after pupil dilation, lubricating eye drops (Alcon Laboratories) were applied to the cornea. Spectral domain OCT with guidance of bright-field live fundus image was performed with the image-guided OCT system (Micron IV, Phoenix Research Laboratories) according to the manufacturer's instruction and using the vendor's image acquisition software to generate fundus images and OCT scans. The vendor's software Insight was used to accurately measure the thickness of retinal layers (NFL+IPL, INL) and entire retinas. The thickness of retinal layers was plotted with four distances from the optic nerve head (100, 200, 300, and 400 mm).
Laser capture microdissection, RNA isolation, and quantitative reverse transcription PCR Cross-sectional retinal layers were laser microdissected according to the manufacturer's instructions (Leica LMD6000). Briefly, eyes were enucleated from C57Bl/6J wild-type mice at P17 in either OIR or normoxic conditions and embedded. Sections (8 mm) were isolated using cryostat, mounted on ribonuclease (RNase)-free polyethylene naphthalate glass slides (Leica Microsystems), followed by fixation in 50% ethanol for 15 s, and 30 s in 75% ethanol, before being washed with diethyl pyrocarbonate-treated water for 15 s. Sections were treated with RNase inhibitor (Roche) at 25°C for 3 min. Retinal layers were then laser capture microdissected with the Leica LMD6000 system (Leica Microsystems) and collected directly into lysis buffer from the RNeasy Micro Kit (Qiagen) followed by RNA isolation. Isolated RNA from whole retinas or laser-captured retinal layers using the RNeasy Kit (Qiagen) was reverse-transcribed with M-MLV Reverse Transcriptase (Invitrogen) to generate complementary DNA. Quantitative reverse transcription polymerase chain reaction was performed with a 7300 system (Applied Biosystems) with KAPA SYBR FAST qPCR Kits (Kapa Biosystems). Cyclophilin A was used as internal control.
Immunohistochemistry
Immunostaining in retinas was performed as described (17) . Briefly, eyes were isolated from P17 mice with OIR, fixed, and permeabilized. The flatmounted retinas or cross sections were stained with isolectin B 4 (Invitrogen, 121413), anti-GFAP (Abcam, ab4674), anti-CralBP (Thermo, MA1-813), anti-phosphorylated STAT3 (Cell Signaling, M9C6, 4113), anti-VEGFA (R&D Systems, AF-493-NA), and DAPI (Invitrogen, D3571), and imaged using a confocal laser scanning microscope (FV1000; Olympus).
Immunoblot
A standard immunoblotting protocol was used. Briefly, 300 mM NaCl, 0.5% NP-40, 50 mM tris-HCl (pH 7.4), and 0.5 mM EDTA were used to lyse the retinas. Proteinase and phosphatase inhibitor cocktails were added. The antibodies used were as follows: anti-phosphorylated ERK (Cell Signaling, 4376), anti-ERK (Cell Signaling, 4695), anti-phosphorylated STAT3 (Cell Signaling, 9131S), anti-STAT3 (Cell Signaling, 9132), and b-actin (Sigma, A1978).
Statistical analysis
Statistical analyses were performed with GraphPad Prism (v6.0) (GraphPad Software Inc.), and the results were compared using the Mann-Whitney test. P values <0.05 were considered statistically significant.
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